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Eologc^hic data storage 2 



Staggered data structure in holographic storage systems 
Intrwiucaon 

Form recording data In holographic datastorage systems^ data bits organized in 
pages are formed by a 2 drmenslonal grid of bite (for example using a light modulator 

5 with a two dimensional array of individually addressable elements (often also 

referred to as pixels}), which are either on or off. Unlike conventional optical storage 
systems like CD and DVD, the use of run length limited codes is not pursued, not 
because of the fact that this in principle Impossible, but due to practical reasons. In 
holographic systems, a 2-dimenslonal pixilated light modulator can be used to 

10 transmit portions of a so-called data beam resulting in an encoded data beam, which 
after Intertferenoe with a reference beam can fomri a dH^ctive structure In a suitable 
storage medium. Since the pixels In these light modulators determine the data bits, 
and the system will be designed to be diffraction limited in order to achieve the 
highest density, datapages consist of Individual dots (data bits). Also other types of 

IS light modulators (like reflective) can be used. 



Probiem 

Consider the figures below. Drawn on top is a conventional stmcture of data pages. 
This Is not the most effMentway to make use of the a^ilable area in tiie medium 
20 and hence could faults in a too tow bRdensI^. 

SoluUon ancf some embodiments 

It is proposed to use a staggered data structure (as shown at the bottom In below 
picture) that can incioase the data density by roughly 40%. without adding too much 
25 complexity to the s^tem. Lines connecting nearest neighbour data bits have an 
angle of approximately 45 degrees with the edges of the data structure or data page. 

The basic d^Hierence is that due to a more closed packing more bits can be stored In 
the same area, whereas the distance between the individual data bits is still 
30 reasonably large to avohl overiap. 
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To realize such a system, a data encoder having encoder elements for encoding a 
data beam (for example a 2 dimensfonal light modulator) needs to have a similar 
staggered structure, which doesn't actually pose any severe technical properties. On 
the other hand a pixelated photo-detector having detector elements organized in a 
staggered structure needs to be used, A device lllce this Is already on the market and 
being used fn digital camera's (like FUJI Finepix CCD-series). For reference we have 
included a picfs^re of such a detector. 
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In conclusion, the proposed method can lead to a significant increase of the 
is attainable data density in a pradiic^l system, or one can use this enhancement to 
Induce the size of the components needed. 
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CLAIMS; 



1, A holographic data storage system for reading and/or rerording data bits 
being organized in a staggered data structure. 

2. A holographic data storage device for reading from and/or recording data 
5 pages in a holographic data storage medium, said device comprising a 

pikelated d^eotor and a data encoder for generating an encoded data beam, 
said data encoder having individual encoder elements organized fn a 
staggered structure. 

10 3. A holographic data storage device for reading from and/or recording data 
pages in a holographic data storage medium, said device comprising a 
pl}«lated detector and a data encoder for generaUng an encoded data beam, 
said pixelated detector having indMdual detector elements oiganb^ed in a 
staggered structure. 

15 

4. A holographic data storage medium comprising datapages having ind'nndual 
data bits organized In a staggered data stnictuiB. 
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Phase-Retrieval in Volumetric 
Holographic Data Storage 

Wim Coene and Sjoerd StalUn^a 
20-11-2003 

Abstract 

la the m^or^jiYig 8tsep for stato-of'tho-^irt holograpliic datfirstorago, the vrtavaficonts 
are znodulatod in amplitudG OTdy by the spatial light modulator (SLM) m ac- 

IS cordancc with tho 21) bit-*pattern of the coxt^idered data page to be stored. Tbo 
datectioa process ozi the OOD for tho zccoxistnictioix step in holographic data 
(^orago 18 not sGnsxtivo to tho phase of the wave&oitf after the SLM. We propose 
an adapted hfirdware set-up for the reconstruction stop 'which ssnablea phaso- 
retriev^ of the 'ivavefront behind tho SLM, This ms!s£^ it possible to store two 
data pages instead of one per (aaogular ox shift) nmltipl^tdng setting. Althoixgh 
this prinoipiG ia in general possible fbi^ other )ai\iltlple?dng methods, ^ have do- 
scribed it in more detaA the case of an^e-xniiltipleKing. Two mct^ds for 

20 phase^retxienral are proposed: (X) holographic r(»tora1aon wi^ an extra roforcncc 

wffivnficoiot; QiOd (2) pha$o-step!pins prooeduro. 



1 The Problem 

In stat^of-the-art holographic storage (with aoi^e-multiplesdng used as an ox- 
emple)» the imago captured on tbo CCD rcsflocts tho (aqiiiared) aoTipUtude distri- 
25 bution of 1^ wave&oxxt for tho data page that yraa present on tbo spatial light 
modulator (SLM) during tjic recording phase. Note that tho holographic rooord- 
ing also stores the phese informatioxi of tho wave&out behind the SLM into the 
holo^pbic mediWL will call this wavefront shortly the ''SLM wavefrout^). 
However, during recording at tho CCD, this phase information is lost. Therefore, 
in tho current Btato-of-tho-axt, the SLM wavcfrout is only m o aj oi ngftilly modulated 
in amxditude, not tu pha^. 

30 
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2 The Current Idea in a Nut-Shell 

The cittroat idea is to extend the reoon^ruction procedure in holographic storage 
$0 that «lIi3o the phase-information ot the SLM iis^vo&ont can bo restored. This 
doubles the Infbrmation density that can be restored with one wgle (or multi- 
plexing setting) as used in the reconstruction with ongle-multiplexing. Wo will 
address two ways of phase-retrieval: 

• phas(>-Tctrieval through an csxtra holographic restoration scfr-up added to the 
reconstruction procedure; 

# phase-retxicval through a phase-stepping proccduro. 



3 Prior Art: Holographic Data Storage 
3.1 Holographic Recording of a Data Page 

15 The recording proccduro for a single data page is shown m Fig. 1 (see also Eig.l 
in [1]), The laser hoam is split into two parts by a (non-polarizing) beam-splittor 
(NPBS). On tcp, we have the so-called "signal arm" where the wavofront passes 
through a spatiaj Ught modulator (SLM) (c-g- an LCD) where typically the am- 
plitude of the SLM pixidfi is modulated in correspondence with tho bits of the 
data page that is currently to be stored, yielding the SLM wavefront denoted 
i^sLM' At the bottom, wo have the so-called ''reference arm", where the wavo- 
front passes through a grating yielding a rofierenco wavefront denoted ^ra/ (which 

20 i3 a plane wave eacp{27r«K • r} with a wave vector K that can be tuned by tho 
grating)- The two wav^^nts of the signal arm and the reference arm intoiforo in 
the holographic medium: tho position-dependent part of the dioleotric constant in 
the medium €(r) is then proportional to \'il}$i.M + ^re/l^- recording of multiple 
data pageSf the wave vector is sot by tho grating at for the j-th page; with 
the SLM wavefront for the j'-th page denoted ^if^sLMf position dopendont part 
of the dielectric constant of tlie medium after recording of the multiple pages 

25 becomes proportional to: 

e(r) oc Sj liP^r,^ + exp{27riK^ -r})^ . (1) 

S«2 Holographic Reconj^ruction of a Data iPage 

Tho reconstruction proccduro for a data page Is shown in Pig, 2, Tliis is called 
the "probe arm" in [1]. A wayefront is passed through a grating that is traiod 
a** to generate a plmo wave with the proper wave vector K-* for the rocoiistmction 
of the i-th data page. The latter wave is denoted 'tf/ref and must bo csqual to 
the ro&rcnGo wpvo that wa3 used to record the data pago. Tho wafro propagates 
through the holographic medium where it is diSracted: it generates behind the 
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grating I 



Figure I; Prior Art. Rocording ^tqp for one data pag& of in&rmation in holo- 
gmphic &tora®D (with angte-multiplesdxtg). 

20 modium a wavcfiront that equals the SLM wavefront that was roaJizod for the 
^-th data page during tho recording of the data page. The SLM wavefront is 
imaged otito a CCD aqray, where the modulus squared of the wavc&ont 
is detected. 

Note that instead of tho SLM wavofront Itscdf it also possible to record the 2D 
Eburier traosform of the wavcfront into the holographic memory (the so-called 
^'Sburier-plane** set-up). Our idea applies to both aarchiteaturea. 

25 

4 Ngw Idea 

4.1 Phase^Retrlefval througjh Holographic Re$toTation 
4.1,1 Bairdware S^Vp 

We propose a new ireconstrucfcioij procedure as $hown in Fig. 3< There in a (non- 
polarissSng) beam flitter (NBPS) yielding two separate light paths with nmtudlly 
30 coherent wave&ontSi Note that the bottom path is identioal to tho "probe arm" 
of the state-of-the-art reconstruction of Pig. 2 (apart from the registration on 
the COD): thus, it reproduccjs the SIM wavefront behind the holographic 
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Figure 2; Prior Art, Roconstructioj^ etep for one data page o£ information m 
holographic fitorago (with aagle-multiploxdng). 



medium. In adatira, the currejit Idea comprises an cortra light path drawn at 
the top of Pig, 3. This top fight path produces a w^vefront that paeaes through 
another grating (caUed "grating-B'*) that yields a plane wave with a wave vector 
danotcd Kj^ol The resulting (plane) wavefront is denoted t/^^pp The wave vector 
Kfcfti is xiot at ail rdatod to that of the reference wavefront ^Jvn/ needed for the 
holographic reconstruction. The choices that determine Khoi wiE be discussed 
later in relation to the required post-processing of the CCD image. Next, the 
wavefrontB of the ijwo branches, that 1$, ^slm and ^/^d, are made to interfere 
bo£6ro rogjstration on tjhe COD. Now, contrary to the state-of-the-art, the COD 
records the power in the rosnlting wavefront, that is: Iccd = Note 
that this step as such is not new on its own, since it i$ a well known teclmique in for 
instance phase-retrieval for off-aad^ doolaroii holography [2], It is the combination 
of this holographio phaaa-retyleval witih holographic data storage that we deim 
25 as ncfw insi^tp 

4.1.2 Post-Processing on CCD Image 

The different signel processing steps that are to bo earned out on tho COD imago 
are described in Fig. 4. Bfet, for tho reconstruction of the j?-th data page, we 
icwxite the wavefront that is incident on the CCD ae (with R tho 2D position 
coordinate in the plane of SLM and COD): 

30 i^oODCR-) = 4rJx*(R-) + «0cp{27riKhoi • R-} cxp{i<&}. (2) 

In the above equation, <f> represents a constant overall phas<MliBferenoe between 
the two interfbiiug wavefir<ai*s: for instance, It might be due to non-equal distances 
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Figura d: Current ID. Set-up for reconstruction 'with phase-retrieval of one data 
page of SnformatioA in holographic storfiee (with augLomultipleixiiig). 

20 

for thG two lig^pQ£bs of Fig. 3. The imege iotensily recorded tm the CCiD then 
beoomcp: 

+ ^jwifOR-) cxp{-2iriKhorR}<sxp{-i^} 

+ ^^j,r(R)*c»P{+2»riiKtoorR}<SKp{+iflb}. (3) 

The luat po3t>proccs3>iag step comprises a 2D FFT (real-to-compleK) in the " for- 
ward" direction applied on IoodC^- This yields formally (vdth SI tho 2D fro- 
quency vector in the 2D Bouiier plane); 

30 « <JB(fl). +.SB+(n) + SB-(a) (4) 

wboro CB stands ba OMital Band mi SB for Side Band in ti» Fonder transfbim 
of tho OOD inia^. The central band ooxxc^ponds with the Ebuiiar transform 
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of tho flret two terms in Bq. (3): it contams the auto-correlation of the SLM 
wavo&ont (w)ilch equals the ODD ima,go mtoBsilgr in the state-of-the-art solution). 
The oidobanda SB"*" and SB" correspond to the Sburier traaasform of the thirf 
and fourth tonnp In Eq. (3), Due to the auto-corrolation, the band-ividth of the 
central hand is twice ad laxgo e^ the band-width of each of the sideband$. The 
magoitudo of tho wave vector Kboi is cho$en such that m the Sbuiiciar spectrum 
the sidebands and central band do not overlap. The azimuth of the wave vector 
Khoi <3BJi be cbosen &eely: in Fig. 4 it ia chosen 3u<^ that the sideband? axe 
po^ioned along the horiisontal aisda in tho Sburier apectrum» which correaponds 
to a frmgo-pattem recorded on the OOD with a vertical orientation of tho fringoa. 
But other choices are possible, for inataaco diagoiiaI]y oriented fringes leading to 
aidebands in opposite comexa along one of the diagonals in the 2D Fourier plane. 
Piirthcr note that both aidebands are each other's complex conjugate, as must 
be, sJncc they originate feom a Fourier tranafbrm applied on a real- valued imago. 
In other words, both sidebands carry exactly tho same information. 
Tho soco^id poBt-proceasing step comprises a selection of one of the sidebands (say 
SB"*"), and centring operation with respect to ita center point, which i& equal to 

SB+(n - K^i) = (5) 

Note that the infonnation in the oentxal band is not used at sSl, The third and 
last post-processing stop comprises a 2D Bbuxier traasform (complex-to-complex, 
and in the "backward" direction, from SI to R), yielding the compl<»6-valued 
wa;vafront aa: 

^^^(R) ^ PTa^R{SB+(n - Khoi)}. (8) 

Bq. (6) yields both amplitudo and phase information of the SIM waivefiont &r 
the i-th data page that la stored in the holographic memory. 

25 4.1.3 Requirements put on the OOD Sensor 

The resolution of the COD must be high enough to be able to record the infbrmar 
tion that is preseat in the sidebands. Since tho stato-of-the-art recording on tho 
CCD only records the central band, and since the bandwidth of the central band 
is twice that of the sideband, the current ED needs a OOD with pixels that are 
twice as narrow aa for the statoof-tho-art solution. Note that this eixtra resolution 
is only needed in the direction that ia orthogonal to the fickiges (e^g. the hotijzsontal 

3Q direction as is ohovm in Fig, 4). A solution could be to use rectangularly shaped 
pixels on the CCD, with a hoiisiontal to vortical aspect ratio of a faptor two- 
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Figuro 4: Ourront ID. Successive stops in post-processmg on CGD-^imago for holo- 
graphic reconstmotion with phase-rotriofval of one data page, (a) 2D fonrard FjPT; 
(b) sblBcstton of side-baad (c) 2D laackward FPT. 
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4.1.4 U@G of the Central Baad 

As described above, in the holographic restoration, t^e central bend information 
•is discarded. A method to use that information side-information is proposed 
in [3] for the case of qS-bso^ electron holography. It comprises a signal processing 
step where the auto-correlation can yi^d additional infirantnation on the amplitudd 
of the SIM ^ve&odtfe. This nught bo boaofioial for cb^cs of lew siginal-to-noise 
ratios. 

4.1.5 Variations on the Thome 
Other related details that came up are; 

• use of a OOD with scjnaro pisrols, and detection of more than one pa^o on a single 
COD imago, whore the di&ront pages must have different wavo vootors Kju>i in 
the holographio restoration. In this ca£ie> the central bands are superimposed and 
aje more difficult to be used in the post-processing. 

• other phase-reteieval methods are also possible, like detection of a series of CCD 
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images for the same datarpaga but at different ^ettiugp of aa optical parameter 
(UHe defoous or 2-fold astigmatism). Such motliode are wett Isxxown ia the area of 
phaso-rotrieval for high resolution transmission electron microscopy (HRrTW) 
[41. 

4.2 Phaae-Hetrieval through a Phaae-Stepping Procedure 
A different method of phaso rofcrievjsa (that we proposo in this ID) uses tho method 
of phaao stepping. Such methods are well-known in tho field of interferometry 
[5J. Now the additional wavefront ^hoi is uniform, i.e. we select Khoi — 0. The 
resulting intensity measured on the OOD Is them 

whoa© 4fffLJ40St) to the phase of the wavefront ilfatAfiR) that is to bo reconstructed. 
This phase oon be retrieved by a phase step^g procGdure. In this procedure the 
phase (p of ^ different values in a controlled way, and JScdO*) ^ 
measured for each phase value ^- The phase of the reconstructed wavefront can 
be determined from the measured values J^apCIl)' The phase <6 of 'i^j^ can be 
varied by changing tho optical path length of the arm of the wavefi?ont hy 
o.g. displacing a aurror in this arm with a piozo-dlement. 

For example, consider the ease where the SLM sets the phaeo 4>&m\^) 
on oqiial to 0 or ?r. This binary phase front capci be retrieved by stepping through two 
phases <(>i&M<hf ^'^^^ 9^ (2^ + 1)^/2 (i = 0. 1. 2, 8, . - .) and - « ?r In 
that case the diffcronco between the two meaaured intensity distributions yidda: 

4bi>(a)-'lScD(R') = 4l4i:Af(R)|co6l^Si.M0R)-^i] 

/ +4|^2;M(R')|co3(r^i), if<^siM(a)«0, .g. 

25 It follows that the sign of tho intensity difference determines the value of tho 
sought-f or phase (f>sLM (R) (which is assumed to be binaiy in this simple example) . 
Phase stepping methods requiring 4 to 5 stops are generally s^clent to retriefve 
an arbitrary (nonrbinary) phase front [51^ 
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